Nanoparticle coated microspheres are composed of two or more materials with a core/shell structure and exhibit unique abilities that allow amplification of trace targets in immunoassays. The preparation of nanoparticle coated microspheres can be accomplished using three main strategies:
INTRODUCTION
Nanoparticles (NP) can be defined as one or more dimensional materials with sizes of approximately 100 nm. 1 2 These nanoscale materials are often used as a connection between atoms or molecules with macroscale materials. * Author to whom correspondence should be addressed.
When a material approaches a nanometer in size, the properties of the material can change dramatically. 3 For example, the optical properties of Au NPs can be tuned by controlling particle sizes, structures, or shapes. 2 During the past 30 years, the size-dependent properties of nanoscale materials, such as quantum confinement in semiconductors, surface plasmon resonance in metal NPs, and superparamagnetism effects, have drawn significant interest in the study of NPs. 1 4 5 In 2010, El-Sayed et al. investigated the dependence of size on the optical absorption and scattering of Au NPs. The authors found that smaller NPs (20-40 nm) absorb light better than large NPs (40-80 nm) , but large particles have greater scattering efficiency. 2 6 As stated above, these results indicate that the optical properties of nanoscale materials can be precisely influenced by size, making them attractive for use in immunoassays.
In the late 1980s, heterogeneous NPs (HNP), which are composed of two or more components, were found to have enhanced optical properties compared to homogeneous NPs. 4 7-9 The optical properties (e.g., plasmon resonance) can be improved through the assembly of HNPs in 3-D. 10 Interestingly, a red shift is usually observed due to the increase in refractive index of metal NPs on the surface of HNPs. 1 11 Later, researchers found that heterogeneous particles can be composed of a combination of NPs and microsphere (MS) without compromising the properties of the HNP. Surprisingly, the combination of NPs and MS led to new and interesting properties of the composite.
In the early 1990s, a new type of HNP was developed, called the concentric multilayered semiconductor NP, and is referred to in the literature as a core/shell particle (CSP). 9 12-15 A CSP can be composed of two or more distinct materials comprising both nano-and microscale materials. The shell can be produced using metallic NPs, such as Au or Ag. 16 Metallic shells can provide excellent electrical conductivity or protection from oxidation of the core. 1 Contrary to conductive shells, a core can be formed using dielectric materials, such as polystyrene or silica MS. 16 The optical properties and fabrication of CSPs are similar to HNPs. Similar to HNPs, red shifts of the plasmon resonance originating from the CSPs occur due to the increase in refractive index of the shell. 1 For example, Au NP shells provide a very dramatic red shift. 17 When the thickness of Au NP shells changes from 20 to 5 nm, the plasmon resonance red shifts approximately 300 nm. 2 The optical properties of CSPs can be adjusted by controlling the composition of the materials (metal or polymeric materials) and the thickness ratios between the cores and shells. 9 18 For example, closed packed Au or Ag coated particles exhibit dipole-dipole plasmon resonances. This inter-particle plasmon resonance results in strong red shifts. This property has been successfully exploited in the development of colorimetric biosensors. 19 20 Finally, by selection of materials during CSP fabrication, new Huei-Shian Lin was born in 1988. Ms. Lin received a B.S. and M.S. degree from the National University of Kaohsiung, Taiwan. In Professor Carey's laboratory, Ms. Lin's research focuses on the development of signal amplification methods in immunoassays using protein modified microspheres, and in the synthesis of small molecules for understanding -interactions. Ms. Lin will begin her Ph.D. studies at the University of Massachusetts Amherst in the fall of 2013. James R. Carey was born in 1973. He obtained a B.S. degree from Rutgers University, Camden, NJ, M.S. from the University of Maryland, College Park, and a Ph.D. from the University of Illinois, Urbana-Champaign. Upon completion of his Ph.D degree, Dr. Carey performed contract organic synthesis and research at Obiter Research, and later he developed chemical sensing arrays and applications at ChemSensing Inc., and Juniper Diagnostics, Inc. Currently, Dr. Carey is assistant professor of applied chemistry at the National University of Kaohsiung in Taiwan, where he is developing ultra-sensitive immunoassays, semi-synthetic metalloenzymes, biosensors, studying substituent effects involved in noncovalent interactions using small chiral organic molecules, and developing novel chemical sensing arrays for the detection of pathogenic microorganisms in human blood. materials with enhanced stabilities and functionalities can be obtained.
Due to their excellent optical properties, CSPs are also commonly used in immunoassays. 21 22 An immunoassay is a multi-step diagnostic test that uses antibodies to capture targets. Among the various immunoassays, the enzymelinked immunosorbent assay (ELISA) is the most widely used. 23 A basic ELISA procedure involves the formation of antibody-antigen complexes followed by the generation of a detectable and quantifiable signal generated by enzymes or other markers. The limit of detection (LOD) of ELISA is typically in the picomolar (10 −12 M) concentration range. 24 In order to improve the LOD and sensitivity of ELISA to expand its usefulness and applications, NPs, 25 26 MS, 24 and CSPs 9 have been used in conjunction with the basic ELISA procedure. Using NPs, MS, and CSPs as signal generating media (SGM) in ELISA, the LOD can reach single molecules. 24 To prepare CSPs for use in immunoassays, antibodies are first immobilized on the functionalized surface of the CSPs to capture target molecules. The SGM (such as SERS-active molecules, fluorophores, or quantum dots) are modified on the CSPs and are then used to detect the target that is captured by the surface coated antibodies. 21 22 27 28 The attractive abilities of CSPs for use in immunoassays are high surface areas for loading numerous reagents, and multiplex detection opportunities with short processing times. Indeed, the aforementioned optical properties of CSPs (e.g., the controllable inter-particle plasmon resonances) allow them to be used in immunoassays with surface-enhanced Raman scattering (SERS), 21 22 fluorescence, 27 or quantum dots 28 for signal enhancement.
PREPARATION OF NANOPARTICLE COATED MICROSPHERES
Various approaches to synthesize NP coated MS (NCM) have been developed. NCMs are also referred to as CSPs (NP shell with a MS core). In this review, discussion will be restricted to the synthesis and applications of spherical NCMs. Shapes other than spherical NCMs, such as rodlike or cubic structures, are discussed elsewhere. Spherical NCMs can be divided into CSPs and hollow CSPs. Both CSPs and hollow CSPs are discussed in detail in this review. There are three general approaches for the preparation of NCMs: (1) the in-situ modification method, [29] [30] [31] [32] [33] [34] [35] [36] (2) the ex-situ modification method, [37] [38] [39] [40] [41] and (3) the hollow microsphere method. 16 42-49 Using the in-situ method ( Fig. 1(a) ), metal NPs are generated by reduction of metal ion precursors. 50 Upon reduction of the metal ions, the NPs form a shell on the surface of the MS. Using the ex-situ method ( Fig. 1(b) ), metal NPs are synthesized separately from MS, and then directly coated on the microsphere surface. Using the hollow microsphere method ( Fig. 1(c) ), the core MS are removed after the NCMs are generated. In the following sections, each preparation method will be discussed in detail.
In-Situ Modification of Nanoparticle
Coated Microspheres As stated above, the in-situ method relies on the reductive generation of metal NPs in the presence of MS. [29] [30] [31] [32] [33] [34] [35] [36] Precursors (e.g., metal ions, metal oxides or hydroxides) are first deposited on the surface of the MS. Then, reduction of the precursors leads to the formation of NP colloids, forming a metal NP shell on the MS. Sodium borohydride and hydrazine are the most common reducing agents. 9 With the in-situ method, the deposition of precursors on the surface of MS can be achieved using several routes, such as electrostatic or covalent deposition. [51] [52] [53] Some of the early works using the in-situ method focused on the synthesis of metal MS with a silica shell. 16 54 However, deposition of silica on titanium MS that were modified with organic pigments was not successful. Interestingly, it was found that a layer deposited between the NPs and core particle can mitigate this issue. 55 Similarly, the hydrolysis of TEOS can aid the coating of silica NPs on Fe 2 O 3 particles. 16 Hydrolysis of TEOS is catalyzed by ammonia hydroxide; the hydrated silanol groups then adhere to the surface of the Fe 2 O 3 particles. 56 The silica shell on the Fe 2 O 3 @SiO 2 particles prepared using this method was uniform.
In 4 , which generates a Pd(II) oligomer on the surface of commercially available amino-modified PSMS (Polysciences, Inc.). As can be seen in Figure 2 (a), under a slightly acidic environment, covalent bonds form between Pd(II) and nitrogen atoms on the amino-modified PSMS surface. 36 Reduction of Pd 2+ ions to Pd 0 NPs on the PSMS surface is initiated by the addition of hydrazine (shown in Fig. 2(b) ). 32 As can be seen from the TEM image shown in Figure 3 (a), Pd 0 NPs uniformly coat the amino-modified PSMS surface.
Similarly, Ballauff et al. used the in-situ method to synthesize Au NPs coated onto poly(aminoethyl methacrylate hydrochloride) (PAEMH) modified MS. 30 Long chains of PAEMH were generated using photo-emulsion polymerization. 57 The PAEMH chains were used to graft AuCl − 4 anions to the surface of the MS through electrostatic interactions. NaBH 4 was then added to reduce the Au ions into Au NPs. As can be seen in Figure 3 + , adhered directly to the negatively charged sulfonated PS beads through electrostatic interactions. 58 59 The reduction of Au ligands was accomplished by the addition of NaBH 4 , forming Au . 31 Reprinted with permission from [30] NPs on the surface of the PS beads. As can be seen in Figure 3 (c), after repeated metallization (three times) of the PS beads, extensive coverage of the PS beads with Au particles was achieved. 31 Instead of using chemical reductants to reduce metal ions into metal NPs, in 2008 Tamai et al. reported the use of UV irradiation to reductively produce Au NPs on the surface of polystyrene/poly(methylphenylsilane) (PS/PMPS) MS. 29 It has been reported that the morphology of metal NPs is easier to control using photochemical reduction rather than chemical reduction, [60] [61] [62] because the growth rate of metal NPs (e.g., Au NPs) using photochemical reduction is slower than chemical reduction. Indeed, when using photochemical reduction, the time of UV exposure and the concentration of surfactant can affect the morphology of metal NPs. For example, Au nanorods (instead of NPs) can be formed using an increased UV exposure time (> 12 h) and higher surfactant concentration.
To generate metal NPs using photochemical reduction, Tamai and coworkers mixed metal precursors (HAuCl 4 , AgNO 3 , or Na 2 PdCl 4 with photo-initiator (PMPS) decorated PS MS. 63 Upon irradiation by UV, oxidative decomposition of PMPS and reduction of metal ions occurred concurrently, forming hybrid metal NP-polymeric particles (Fig. 4) . Under UV irradiation, polysilane was cleaved into silyl radicals. The silyl radicals then reductively formed metal NPs. [64] [65] [66] The in-situ method examples discussed above produce CSPs with uniform and well distributed NPs on the MS surfaces. However, the formation of CSPs using the insitu method involves complex syntheses of polymeric cores and multi-step purification of the CSPs. Additionally, in some cases the deposition of NPs on the MS surface is limited to non-aqueous solvents. 33 Finally, CSPs generated using the in-situ method may result in a uniform arrangement of NPs, but surface density is low (usually occurs with sub-micrometer beads). 46 
Ex-Situ Modification of Nanoparticle
Coated Microspheres As stated above, using the ex-situ method, metal NPs are synthesized before adherence to the surface of MS. [37] [38] [39] [40] [41] For the conjugation of NPs using this method, the surface of the MS are usually functionalized with polymers such as poly(allylamine hydrochloride) (PAH) or poly(sodium 4-styrenesulfonate) (PSS). 32 39 67 The hetero-coagulation process of MS and metal NPs using the ex-situ method is typically performed by physically blending modified MS with NPs. [67] [68] [69] The metal NPs bind to the MS through electrostatic interactions or covalent bonds.
One interesting feature of the ex-situ method is that the NPs can also be coated on the modified MS using a layer-by-layer (LBL) strategy. Using the LBL strategy, oppositely charged metal NPs and polyelectrolytes are alternately adsorbed on the microsphere surface. The size and the shell thickness of the NCMs depend on the number of layers. Using the LBL strategy, the coverage of NPs on the MS can be increased by increasing the number of layers. 16 Caruso demonstrated that the NP coverage using the LBL method increased from 30% to 74% on the PAH/PSS MS surface (details are in the following sections). 32 When ex-situ LBL methods are used in immunoassays, increasing the coverage of NPs can create various improvements in the particle properties. For example, a larger coverage of NPs on MS has been shown to correlate with increase in reactivity with surrounding reagents or with modified proteins.
In 1985, Homola and coworkers were the first to apply the ex-situ method to synthesize NCMs by demonstrating the synthesis of silica NP coated Fe 3 O 4 . When silica NPs (preformed) and oppositely charged Fe 3 O 4 particles are mixed, NCMs are formed through electrostatic interactions. The resulting NCMs had greater dispersion and lower self-aggregation than in-situ NCMs. [70] [71] [72] Since this report, the LBL method has been widely used to produce NCMs with higher coverage and uniform structure. 16 73 In 1999 Using a LBL approach, Caruso et al. produced multilayered modified MS, resulting in multilayers of NPs on the surface. Using the ex-situ method, as described by Thompson et al. 32 67 Caruso treated PS MS with cationic PAH and anionic PSS. The PAH/PSS multilayer coated PS MS were then mixed with a 4-(dimethylamino) pyridine (DMAP) stabilized Au NPs suspension. The cationic Au NPs were bound to the (PAH/PSS) n layers through electrostatic interactions. Shown in Figure 6 , after PAH/PSS multi-layered modification of PSMS, the final layer of PSS is negatively charged. Positively charged DMAP stabilized Au NPs were then added, and were bound to the PSS surface through electrostatic interactions. Shown in Figure 5 (c) is a TEM image of the PAH/PSS modified PS MS coating containing a dense Au shell. Using various other methods, the coverage of unmodified Au NPs on the surface of polymer MS is about 30%. 32 In previous work reported by Caruso et al. the authors demonstrated that the addition of DMAP can help increase the coverage of Au NPs to ∼ 74% on the surface of modified MS using the above mentioned LBL Reprinted with permission from [32] strategy. 74 In addition to using electrostatic interactions to form NP-shells, Au NPs can strongly bind to the surface of nitrogen functionalized MS. [75] [76] [77] Sastry et al. performed the direct metallization of polyurethane (PU) MS by reaction of Au NPs with amine groups present on the MS surface ( Fig. 5(d) ). 41 The black dots (Au NPs) shown in atoms with Au NPs on the PU MS surface. The simple metallization of PU MS occurs in seconds when commercially available preformed NPs are used.
Synthesis of Nanoparticle Hollow Microspheres
Another variety of NCMs are the NP hollow MS (NHMs). NHMs are essentially hollow CSPs. NHMs are similar to the CSPs described above, except with the core removed. The hollow structure inside the particles enable use in drug delivery, [78] [79] [80] filtering, 81 and coating 82 applications. Hollow spheres of various compositions can be produced using three different methods: (1) nozzle-reactor systems (spray drying or pyrolysis); (2) emulsion/phase separation techniques coupled with sol-gel processing; and (3) sacrificial core techniques. 83 Among these three methods to synthesize NHMs, the sacrificial core technique is most commonly used. Below, each method will be discussed in detail.
NHMs are produced using nozzle-reactor systems when complex slurries are passed through a nozzle under a constant gas flow. The slurry often contains fine powders (e.g., tetraethylorthosilicate (TEOS)), a polymeric dispersant, a binder, and solvents (e.g., acetone). 84 Bubble-like spheres (droplets) are produced due to the surface tension and hydrostatic forces of the slurry. 85 86 After the droplets are formed, the evaporation of solvent is performed under a high temperature gas flow. NHMs are produced when the solutions are dried. 87 An older and less commonly used method to produce NHMs is the emulsion/phase separation technique. This method can produce NHMs by extracting the inner liquid from a emulsion droplets (sol-gel spheres), which serves as a precursor. 88 The sol-gel spheres are formed using aqueous metal oxide or hydroxide (e.g., silica or aluminum) in organic solvents using appropriate surfactants. Dehydration reagents, such as alcohols, are added to the sol-gel spheres to extract water. After water extraction, the spheres are dried yielding hollow structures. 87 Sacrificial core techniques generate NHMs by removal of the NCM core using thermal or chemical methods. In step I and II shown in Figure 7 , NCMs are produced using similar in-situ/ex-situ protocols discussed above. The core particles serve as the template. Removal of the templates can be accomplished by dissolving the templates in various solvents (e.g., dimethylformamide) or combustion of the templates at high temperature. 9 87 When removing the NCM core using dissolution instead of calcination (see Fig. 7(b) ), polyelectrolytes remain inside the NHMs after the core is dissolved. The NHMs synthesized by dissolution are referred as hollow composite spheres. 44 However, high temperatures can remove both polyelectrolytes and the core MS, resulting in the formation of hollow inorganic spheres (Fig. 7(a) ). Using either calcination or dissolution, the conformation of NHMs can be controlled by the core size and coating materials (NHMs are the similar to CSPs, with the core removed). 89 In other words, if the core MS is large, then the resulting NHM is large, since the NHMs are synthesized from CSPs (CSPs are synthesized from core MS followed by adsorption of NPs).
Shown in Figures 8(b) and (c), the core is used to control the size of NHMs. Shown in Figures 8(a) and (b) , the coating materials are used to design the surface morphology of NHMs. For example, a porous surface can be synthesized using larger NPs (Fig. 8(a) ) rather than smaller (Fig. 8(b) ) NPs because the steric arrangement is not closely packed for larger NPs. 89 Caruso et al. has described methods to produce NHMs using the sacrificial core technique. The composition of shell materials is not limited to metal NPs but can include glasses, polymers, and metal oxides. During the past 20 years, Fe 3 O 4 ( Fig. 9(a) ), 89 Ag (Fig. 9(b) ), 43 TiO 2 ( Fig. 9(c) ), and SiO 2 ( Fig. 9(d) ) 42 49 have been used by Caruso's group to synthesize NHMs. The NCMs shown in Figure 9 were first generated using the ex-situ LBL strategy, followed by the removal of the core by calcination at high temperature. The authors pointed out that to retain a complete shell after core removal when the size of the NPs decreased, the number of NP layers needed to increase. 42 This phenomenon was observed in all of the materials shown in Figure 9 .
THE APPLICATION OF NANOPARTICLE COATED MICROSPHERES IN IMMUNOASSAYS
Bead-based immunoassays have been widely studied during the past few decades. [90] [91] [92] [93] [94] It was discovered that MS or NPs in bead-based immunoassays can act as both signal generators and amplifiers. DNA sequences, 95 96 oligonecliotides, 97 98 antibodies, [99] [100] [101] [102] or other biomolecules 103 can be modified on the surface of NPs or MS to enable binding and facile detection and amplification of important biological targets. In addition, flow cytometry 104 and suspension arrays 105 106 can be used with these bead-based assays to detect multiple targets in a short amount of time. The advantages of using a spherical platform (e.g., bead-based immunoassay) rather than a flat platform (e.g., microtiter plate used in a conventional ELISA) are (1) high surface areas for loading several reagents, (2) the possibility for multiplex detection, and (3) fast reaction kinetics. 107 108 NPs and MS are usually coded with a marker, such as a fluorescent or luminescent dye. 91 Targets are captured by the antibody-marker coded particles and labeled secondary antibodies. The signals produced by the targets can be measured and distinguished in two steps. First, the particle encoded markers can recognize the type of immobilized antibodies. Then, the signal intensities from the labeled secondary antibodies can quantify the concentration of captured targets. The double recognition from the antibody-marker coded particles allows multiplex detection within minutes. 91 The use of NPs and MS brings a versatile platform to the bead-based immunoassays. One method to incorporate NPs and MS into immunoassays is by using NCMs. NCMs not only have higher surface areas than single particles, but they also have unique optical, electrical, and catalytic properties (vide supra) SERS, 21 22 109-113 fluorescence, 27 114-116 UV-vis, 117 cyclic voltammogram (CV), [118] [119] [120] ion analyzer, 121 and many others can be used in the NCM immunoassay to detect and measure signals produced by the SGM.
Surface-Enhanced Resonance Spectroscopy
Assays Using Nanoparticle Coated Microspheres Raman scattering is a well-known detection method used in chemical analysis. However, in immunoassays, signals from Raman scattering are generally too weak to be measured. SERS can enhance the Raman intensities of nanoscale materials and permit single molecule detection. [122] [123] [124] SERS has become a promising tool in ultrasensitive immunoassays because it is stable to humidity, oxygen, and other quenching materials. 21 Thus, the combination of SERS and NCMs has been investigated to increase the sensitivity and LOD of immunoassays.
Recent NCM based immunoassays are summarized in Table I . As can be seen in Table I , SERS is widely used with NCM immunoassays because the unique plasmon resonant properties of NCMs allows for incredible sensitively of the assay arising from Raman scattering (described in the following sections). Among all of the immunoassays listed in Table I , both Fe 3 O 4 @Ag particles 113 and hollow Au spheres 111 using SERS have the lowest LOD. The noble metal NPs, especially Au and Ag, have strong surface plasmon resonance (SPR) bands that can be measured using a UV-vis adsorption spectrometer. The coreshell structures of NCMs can permit the plasmon-derived optical resonance to be detected ranging from the visible to the near-IR region of the electromagnetic spectrum. The coupling interactions between inner particle and outer shell of NCMs will affect the surface plasmon adsorption and scattering. 1 9 11 As mentioned earlier, decreasing the thickness of the NP shell can increase the SPR red shifts.
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A commonly used SERS-based immunoassay is illustrated in Figure 10 . Shown in Figure 10 (a) is the preparation of antibody conjugated SERS marker coded NCMs. 21 22 111 After the SERS markers (e.g., 4-methylbenzenethiol, 2-naphthalenethiol, benzenethiol) are embedded in the NCMs, a shield layer (e.g., TEOS) is usually coated on the surface of the SERS marker encoded NCMs to protect it from reagents in the reaction environment (see Fig. 10 , third blue sphere from left). 22 Shown in Figure 10 (b), antigens are captured by the antibody-NCMs and the antibody conjugated sensor. Next, a laser light is directed at the sensor surface. Raman scattering is then collected and analyzed. In a recent example using SERS, Shin et al. presented a dual-tagging IgG sensor using Ag NPs coated onto silica MS (Ag@SiO 2 . The dual tagging sensor produced signals for SERS and metal-enhanced fluorescence (MEF). 21 As shown in Figure 11 , the Ag@SiO 2 beads were first modified with Raman markers (yellow stars) followed by modification with fluorescent dyes (shaded area and red circle). The dual-tagging Ag@SiO 2 particles can capture targets on the planar sensor surface and the encoded fluorescence can be observed using confocal laser scanning microscopy. This instantaneous observation using microscopy can provide evidence that the antibody coated Ag@SiO 2 particles have captured antigens on the surface of the sensor. Double modification permits (1) detection of target using fluorescence; (2) quantitative analysis of the target by measurement of the SERS intensity and comparing this to a calibration curve. Using this dual tagging sensor, the limit of detection (LOD) of rabbit-IgG was as low as 10 −10 g/mL In 2009, Choo et al. reported an example using a SERS-based immunosensor that utilizes antibody conjugated hollow gold spheres (HGS) to generate readable signals in response to the presence of antigen. 111 First, the surface of HGS was chemically modified with N -hydroxysuccinimide (NHS) and 4,4 -dipyridyl (DP), which serves as a Raman reporter. 111 Next, polyclonal carcinoembryonic antigen (CEA) antibodies were conjugated to the HGSs by reaction of the NHS modified HGS with lysine residues residing on the antibodies. Shown in Figure 12 is the formation of sandwich complexes of polyclonal antibodies coated on HGS and monoclonal antibodies coated onto magnetic beads (SERS probe). As can be seen in Figure 13(a) , in the presence of antigen, SERS signals are observed when polyclonal CEA antibody-HGS forms a sandwich complex with monoclonal antibody conjugated magnetic beads. Without antigen, sandwich complexes do not form, thus SERS signals are absent. The performance of this HGS-based SERS immunosensor is 100-1000 times more sensitive than a commercially available ELISA kit. 111 
Fluorescence Immunoassays Using
Nanoparticle Coated Microspheres Fluorescently labeled antibodies are frequently used to generate optical signals after the formation of an antibody-antigen sandwich complex. [125] [126] [127] Forster resonance energy transfer (FRET) from donor (e.g., fluorescein labeled antibody) to acceptor (e.g., rhodamine labeled antigen) in an ELISA occurs when the antibody-antigen sandwich complexes are formed. 128 Rhodamine is a good quencher of fluorescein because the spectrum of rhodamine overlaps with the emission region of fluorescein. 128 Au NPs are commonly used to improve the performance of fluoro-immunoassays. 27 126 Metal NPs, especially Au NPs, have a high FRET efficiency at long distances (> 10 nm) between donor (e.g., fluorophore labeled antibodies) and acceptor (e.g., Au NPs). Thus, metal NPs are usually good fluorescence quenching reagents. 129 Energy transfer (ET) is directional; the relative distance and orientation of the donor and the acceptor have a strong influence on the efficiency of FRET. A sensible FRET (where the energy transfer from donor to acceptor is detectable) from a linear donor-acceptor complex is limited to donor-acceptor distances smaller than 5-7 nm. 129 Commonly, the size of antibody-antigen complexes are 10 nm (or more), thus the distance between antibodyantigen complexes and the fluorescent label limits (if the distances between fluorescent labels and antibody-antigens are longer than 7 nm, the FRET will be too weak to measure) the FRET efficiency. 129 The above mentioned plasmon resonance properties of Au NPs can enhance their ET performance. The ET can occur at any direction from the donor to the Au NPs surface because there are no defined dipole moments on the spherical structures of Au NPs. 130 The decay lifetime of the ET is illustrated in Figure 14 . The decay time from a donor molecule to a Au NP acceptor is slower (the spectrometer can only measure slow fluorescence decay) because the size of the donor-gold NP acceptor complex (shown in Fig. 14(a) ) is larger than the donor/acceptor complex in Figure 14 . 27 An example is illustrated in Figure 15 . Antigens were coated on a Au surface as shown in Figure 15 (a). Antibodies labeled with fluorophores are then bound to the antigens on the surface. The fluorophores, which are conjugated to antibodies, are in a quenched state due to ET from the Au surface. The addition of free antigen triggers competition for antibodies between the free and surface bound antigens (Fig. 15(b) ). As can be seen in Figure 15 (c), when the Figure 14 . Illustration of decay lifetimes of (a) fluorophore labeled antibody to Au NP and (b) fluorescein labeled antibody to rhodamine labeled antigen. 129 antibodies are bound to free antigens, fluoresce can be detected. In this work, fluorescein isothiocyanate (FITC)-anti-biotin IgG was immobilized on the surface of Au@PS beads, and was used to perform competitive biotin (target) detection. The resulting sensor has a linear dynamic range of 1-50 nmol for biotin detection.
Chen et al. presented in 2006 a fluorescence-based immunoassay using Au NP coated polystyrene MS (Au@PSMS) to detect human IgG. 116 As mentioned above, Au NPs are known to have strong interactions to thiol, amine, cyanide, and diphenylphosphine functional groups. [132] [133] [134] Au NPs are frequently used in immunoassays because it is easy to immobilize them with antibodies through Au-NH 2 interactions. In Chen's work, human IgG was modified on Au NPs coated onto PSMS. The fluorescent dye FITC modified rabbit-anti-human IgG captured the human IgG to the Au@PSMS. The LOD of this Au@PS based immunoassay is as low as 0.01 g/mL.
Although fluorescence-based immunoassays are common, there are a few drawbacks: (1) photobleaching can occur during multiplex detection; (2) broad emission profiles causing overlapping signals. 21 22 Photobleaching occurs when fluorophores irreversibly interact with other molecules in the excited state. This irreversible interaction causes the fluorophore to permanently lose the ability to fluoresce. Indeed, the broad adsorption and excitation spectra of fluorophores can cause overlapping signals of un-excited fluorophores and excited fluorophores. 135 The overlapping spectra will cause the target signal to be extinguished. Fortunately, the above limitations can be remedied by using quantum dots (QD) or other semiconductor NPs instead of fluorescent dyes. QDs have good resistance to chemical and photodegradation, overcoming the first limitation. Efficient FRET can be observed with luminescent QDs with controllable and narrow photoemissions profiles, minimizing the second limitation. 136 137 
Electrochemical Assays Using
Nanoparticle Coated Microspheres Electrochemical immunoassays detect and measure the formation of antibody-antigen complexes through indicator reactions (e.g., enzyme labels, electro-active molecules, redox complexes, or metal NPs). 138 Metal NPs, especially Au or Ag NPs, have great biocompatibility and strong interaction with proteins, allowing them to become a useful tool for signal enhancement in electrochemical immunoassays. Molecular indicators, such as HRP, are being replaced by metal NPs because of the simplicity of modifying NPs. For example, NPs are easily modified using NH 2 -metal interactions, whereas protein modification is much more complex. In general, metal NP based electrochemical immunoassays feature high sensitivity, low cost, low power requirement, and good compatibility with other techniques. 138 139 Instead of using HRP as a signal indicator, Tang et al. reported an electrochemical immunoassay using HRP encoded nanogold hollow MS (HRP-GHM) to detect CEA. 120 The HRP-GHMs are synthesized using the emulsion/phase separation technique (discussed above). As can be seen in Figure 16 (a), HRP coded colloids were generated followed by formation of Au NPs on the surface of HRP. The Au NPs were formed through the reduction of Au 3+ by NH 2 OH. The HRP-GHMs were synthesized by extracting the solvent inside the HRP colloids. 140 The resulting HRP-GHMs have higher electro-catalytic efficiency with H 2 O 2 and higher sensitivity than normal HRPantibodies because GHM can carry large quantities of HRP molecules. 120 Anti-CEA antibodies were immobilized on the HRP-GHMs using Au NPs-thiol/amine interactions. Shown in Figure 16(b) is the electrochemical immunoassay using anti-CEA modified HRP-GHMs to capture CEA. Current is generated from the redox reaction of HRP and H 2 O 2 when HRP-GHMs are bound to the antibody coated electrode.
In addition to using GHMs as signal generators, in 2012 Tang et al. reported a double NP coating of MS for use in electrochemical immunoassays. 139 In this work, polyaniline MS (PANMS) were used to form GHMs. PANMS are often used in electrochemical immunoassays because of its high conductivity and environmental stability. The alternative positions of benzene rings and nitrogen atoms in PANMS allow it to disperse in both aqueous and organic solvents, increasing its utility in immunoassays. 141 As can be seen from Figure 17 (a), Au ions react with HCl in the presence of aniline forming polyaniline protected Au (PAN) NPs (PAN-Au NPs). Next, additional Au NPs are reacted with NH 2 groups on the PAN-AuNPs surface forming Au-PAN-Au MS. The double coating of Au NPs increases the amount of antibody that can be attached to the Au-PAN-Au MS surface. HRP conjugated anti-thyroid-stimulating hormone (TSH) antibodies were bound to Au-PAN-Au MS through Au-NH 2 interactions. Current was generated through redox reactions between PAN and HRP (shown in Fig. 17(b) ) mediated by the Au electrode. HRP is oxidized by H 2 O 2 and electrons are transferred through the Au electrode for the reduction of PAN. The LOD of the Au-PAN-Au MS based electrochemical immunoassay was 0.005 IU mL −1 , and is 40 times lower than a commercially available ELISA (0.2 IU mL −1 ). 139 
CONCLUSION
Over the past three decades, NCMs have showed increasing potential in the development of immunoassays with rapid detection time and ultra-sensitivity. These materials exhibit unique optical and electrical properties, high stability to the surrounding environment, and easy modification with proteins. Thus, NCMs have found application in many biomedical fields (e.g., drug delivery), bio-imaging, and sensors. This review focuses on the preparation and the application of NCMs in immunoassays. The cited literature in this review clearly shows a growing tendency of the application of NCMs to improve the LOD of immunoassays, with examples reaching single molecules. NCMs can be divided into CSPs and NHMs. As the name implies, CSPs consist of a core and a shell. Metal NPs are usually used to generate shells in CSPs because they have unique optical (e.g., red shifts in plasmon resonance) and electrical properties. Polymeric MS can serve as cores, and the size of CSPs are dependent on the volume of the MS. NHMs are a type of CSP without a core. NHMs have similar optical and electrical properties to CSPs except their hollow structure can be used in drug delivery, filtering, and coating applications.
There are two methods to synthesize CSPs: (1) the in-situ method and (2) the ex-situ method. Using the in-situ method, precursors (e.g., metal ions or metal oxides) are first deposited on the MS surface by electrostatic interactions or covalent interactions. CSPs are formed by addition of reducing agents, (e.g., sodium borohydride or hydrazine) reducing the precursors into NPs. When using the in-situ methods to synthesize NCMs, the MS surface influences the formation, coverage and uniformity of NPs on the MS surface.
The ex-situ method allows for flexibility of NCM synthesis, and allows the preparation of NCMs to be accomplished in conjunction with other methods. The LBL strategy is commonly used in conjunction with the ex-situ method for extending the coverage of NPs on functionalized MS surfaces. Using the LBL strategy in conjunction with the ex-situ method, broad coverage of the NPs on the MS surfaces can be accomplished. Comparing the in-situ and ex-situ methods, it is much easier to synthesize CSPs using the ex-situ method (with the LBL strategy) due to simple starting materials used in the generation of the NPs.
There are three methods to synthesize NHMs: (1) nozzle-reactor systems (spray drying or pyrolysis); (2) emulsion/phase separation techniques coupled with sol-gel processing; and (3) sacrificial core techniques.
The first two methods are mature requiring intricate procedures to yield NHMs. Using nozzle-reactor systems and emulsion/phase separation techniques, spheres are first formed by the removal of the core solution by evaporation or extraction. The morphology of NHMs synthesized by the first two methods, usually have cracks or have collapsed spheres. However, using the sacrificial core technique, NHMs are generated from CSPs by removal of the cores by chemical or thermal methods. Using this method, CSPs are first synthesized using in-situ or ex-situ methods and then the core is dissolved by organic solvents or removed by combustion at high temperature. After the core is removed by dissolution or calcination, NHMs are formed. The morphologies of the NHMs synthesized by the sacrificial core technique are frequently uniform, containing no cracks on the surface.
NCMs are often used in immunoassays for several reasons. First, high surface areas of NCMs allow the loading of numerous reagents thus the sample requirement reduces. Second, the spherical structure can permit reaction in any direction, resulting in fast reaction rates. Finally, the unique optical properties of NCMs permit signal enhancement in SERS-, fluorescence-, or electrochemical-based immunoassays.
Antibodies can be modified on NCMs surfaces through covalent bonds. The antibody coated NCMs are then coded with an SGM (e.g., SERS active markers, fluorescent dyes, or quantum dots). The antibody-SGM-NCMs are used to capture specific targets in samples and the signals are generated from the embedded SGM. Using antibody-SGMNCMs in immunoassays, the signals can be amplified due to the enhanced plasmon resonance of metal NPs, the high electric conductivity of metal NPs, or even dual-tagging of SERS and fluorescent markers.
Due to the increasing importance of NCMs in immunoassays, the development of new types of NCMs is expected. Metal NPs, semiconductors, or even alloys can be used to synthesize NCMs. Thus, it is also expected that in the near future new NCMs derived from a variety of new materials will be realized. Using these novel materials, new hybrid NCMs possessing unprecedented LOD and sensitivity in bead based immunoassays is highly expected. In conjunction with the generation of new NCMs, theoretical studies of the properties of NCMs can aid in the understanding of these versatile materials. In conclusion, due to the ease and variety of synthetic methods, excellent optical and electrical properties, excellent stability, and ease of modification, the future of new NCMs for application in immunoassays is exceptionally promising.
